Zinc resistance in Pseudomonas sp. strain UDG26 was inducible. Induction led to enhanced uptake of the metal. A zinc-sensitive variant (UDG86) took up significantly less metal ion than the resistant one did. The affinity of uninduced and sensitive cells to zinc was less than that of resistant, induced cells. Metal accumulation by induced cells was not inhibited by azide, while 2,4-dinitrophenol and N-N'-dicyclohexylcarbodiimide enhanced zinc uptake because of inhibition of efflux. Transcription and translation inhibitors drastically reduced zinc accumulation, bringing it to the level found in the sensitive strain. These results suggest the involvement of protein(s) in zinc resistance.
Divalent cations are essential nutrients for bacteria and are required as trace elements at nanomolar concentrations. However, at higher concentrations, these ions are potentially toxic. The toxicity of heavy metals is mainly due to their interference with microbial metabolism or their altering of the physicochemical environment of cells. Microorganisms have developed several mechanisms at the cellular and molecular levels to overcome such changes in their external environment (5, 16) .
Heavy metal resistance in microorganisms can occur by a variety of mechanisms, including physical sequestration, exclusion and/or efflux, reduced uptake, detoxification, and synthesis of binding proteins.
Zinc is one of the most abundant divalent cations found in the environment and also an essential element and cofactor in microbial metabolism. Since most metal-microbe interactions are initiated at the level of uptake, the uptake mechanism is likely to be closely linked to the mechanism of metal ion resistance in microorganisms. In Escherichia coli, zinc uptake involves two phases: a rapid initial energy-independent phase and a later metabolism-dependent intracellular cation uptake process (2) . Zn2+ accumulation by Neocosmospora vasinfecta (13) , Chlorella vulgaris (6) , and Candida utilis (4) also shows biphasic uptake behavior. Alcaligenes eutrophus CH34 possesses a plasmid-encoded inducible resistance to zinc that involves efflux (10) . The zinc resistance gene in this organism is part of the larger czc operon encoding cobalt, zinc, and cadmium resistance (9, 16) . A. eutrophus CH34 also synthesizes a zinc-binding protein upon induction (14) . Synthesis of such binding proteins may lead to immobilization, accumulation, and detoxification of metal ions and thus help in toxic ion resistance. In Pseudomonas stutzeri RS34, the Zn 2+ resistance mechanism involves sequestration of the metal ion in the cell wall (1) .
In the present investigation, zinc uptake in Pseudomonas sp.
strain UDG26 was investigated by using 65Zn2+. Transport assay. The uptake assay was performed essentially as described previously (10) . Strain UDG26 was grown in 100 ml of MM without (uninduced) or with (induced) 100 ,uM zinc for 8 h and then harvested by centrifugation at 7,650 x g for 10 min at 4°C. The pellet was resuspended in the same volume of 10 mM Tris-HCl buffer (pH 7.0), centrifuged again, and resuspended in an appropriate volume of the same buffer. As an auxotroph, cells of sensitive strain UDG86 were grown on LB and treated similarly to UDG26 cells. The transport assay was conducted with 10 mM Tris-HCl buffer (pH 7.0) supplemented with 0.2% (wt/vol) succinate at 37°C with aeration by shaking. Cells were added to prewarmed assay buffer containing 2.0 mM Zn2+ with 65Zn2+ (0.005 ,uCi/,umol). Samples (500 ,ul) were taken at different intervals, filtered through a 0.45-p.m-pore-size filter (Sartorius GmbH, Gottingen, Germany), and rinsed twice with 5 Ellect of inhibitors. To study the effect of inhibitors on Zn2+ uptake by induced cells of UDG26, the cell suspension (in assay buffer) was preincubated for 10 min with 100 ,uM N-N'-dicyclohexylcarbodiimide (DCCD), 250 ,uM 2,4-dinitrophenol (DNP), 500 ,uM sodium azide, 1.0 ,ug of chloramphenicol per ml, or 0.1 ,ug of rifampin per ml prior to addition of 65Zn2". The inhibitors were present throughout the assay. In another experiment, rifampin or chloramphenicol was added at the concentration mentioned above during induction; i.e., the cells were grown in 100 ,uM Zn2+ for 8 h in the presence of inhibitors. Cells were harvested, washed, and resuspended in assay buffer without inhibitors and processed as described earlier. When (Fig. 1) (Fig. 2) .
Treatment of induced cells with inhibitors of translation and transcription, chloramphenicol and rifampin, did not affect Zn2+ uptake. However, the presence of these inhibitors during induction considerably reduced Zn2+ accumulation (by fivefold) (Fig. 3) .
Efflux. Zinc-adapted cells of UDG26 preloaded with 65Zn2+ released Zn2+ when resuspended in prewarmed Zn2+-free assay buffer. By comparison, uninduced cells of UDG26 and zinc-sensitive (UDG86) cells did not produce an efflux of Zn2+ (Fig. 4) .
In induced cells of UDG26, efflux was significantly retarded by 100 p.M DCCD and 250 puM DNP. Sodium azide (500 ,uM) slightly inhibited efflux of Zn2+ (Fig. 5) . After 25 min of efflux, the net Zn2+ retained by induced cells of UDG26 was the same as that by uninduced cells (Table 2) , i.e., resistant cells released 36% of the accumulated metal to bring it to the same level as that of uninduced ones. Sensitive UDG86 cells did not show significant efflux of the metal. 
DISCUSSION
Bacteria resistant to multiple metal ions have been isolated from various sources (5, 16) . In this study, Pseudomonas sp. strain UDG26 isolated from industrially polluted soil and showing resistance to zinc, cadmium, manganese, and aluminum was used.
Strain UDG26 shows inducible resistance to zinc, which is prevalent in other gram-negative bacteria (9, 10) . Similar to observations with other microorganisms (2, 4, 6, 13), resistant cells exhibit a rapid initial Zn2+ uptake followed by a gradual stable phase. Uptake studies reveal that cells of UDG26 induced to resist Zn2+ show increased accumulation compared with those of uninduced cells and also zinc-sensitive UDG86 cells. Correspondingly, the former also exhibit a higher affinity for the metal. The enhanced accumulation of metal by resistant cells has been attributed to an efficient internal detoxification mechanism (5). Our results of increased Zn2+ uptake by induced cells of UDG26 compared with that of sensitive UDG86 cells could also be explained on this basis. This is, however, contrary to the situation reported for A. eutrophus, whose resistant strain CH34 showed reduced accumulation of metals compared with that of sensitive AE104 cells (10, 11) . Likewise, Cd-resistant cells of Bacillus subtilis accumulate less metal than their sensitive strains do (3) . Results About 40% of 65Zn2+ accumulated by induced resistant UDG26 is extruded. When the net levels of the metal after efflux for these cells are compared with those for uninduced cells of UDG26, it appears that the efflux invoked by the resistant strain helps in regulating the intracellular concentration of zinc.
The dependence of cation uptake in microorganisms on metabolic energy can be studied by using inhibitors (17, 18, 19) . Resistant cells of S. aureus treated with DCCD showed increased uptake of Cd2 , which was due to the energy dependence of efflux (17, 18) . In the present investigation, it was seen that while sodium azide does not affect metal accumulation, DNP and DCCD enhance it. DNP and DCCD also significantly inhibit efflux of the metal ion. Our results thus imply that the inhibition of energy-dependent efflux is the basis of higher accumulation by Pseudomonas sp. strain UDG26.
Reduced accumulation of Zn2+ by UDG26 treated with inhibitors like rifampin and chloramphenicol during zinc induction signifies the role of protein synthesis in zinc uptake. Therefore, it is suggested that resistant, induced cells synthesize some protein(s), which results in enhanced uptake of Zn2+. Synthesis of binding proteins by zinc exposure is known to occur in A. eutrophus CH34 (14) . In Pseudomonas putida, low-molecular-weight cluster proteins are synthesized during exposure to cadmium (7) . In E. coli, expression of the human metallothionein gene leads to enhanced accumulation of metal ions by resistant cells (15) . A role for metallothioneins in metal binding in Synechococcus spp. (12) is also known.
From the present investigation, it could be inferred that zinc uptake in Pseudomonas sp. strain UDG26 is inducible. The induction of Zn2+ resistance leads to enhanced accumulation of the metal, triggering an internal detoxification mechanism that results into the extrusion of the excess zinc. Enhanced uptake in UDG26 is inhibited by transcription and translation inhibitors, suggesting that the mechanism of Zn2+ uptake involves the synthesis of protein(s) that regulates net accumulation.
